Complex 1b shows an unprecedented high activity in the the oxidative addition but the alkene coordination/migratory insertion is the rate determining step. Heck reaction. Kinetic studies show that in this system not Recently, Beller and co-workers reported on cyclometal- [b] 
The palladium-catalyzed arylation of alkenes, also known
The use of 1 mol-% of Pd(dba) 2 and 2 equivalents of phosphorus amidite 1b (80°C) resulted in the very fast for-as the Heck reaction, has proven to be a versatile method for the formation of carbonϪcarbon bonds. [1] The Heck mation of mainly trans-stilbene, the Heck product (Scheme 1). In a series of ligands with approximately the same steric reaction is compatible with a broad range of substituents, but it also suffers from severe drawbacks which often pre-bulk the order of activity was found to be: phosphorus amidites (1) > phosphites (3) > phosphanes (2). Within a series clude industrial use. [2] Even though some progress has been reported towards catalyst performance, [3] there is still a of phosphorus amidite ligands with increasing steric bulk, ligand 1b gave the fastest catalysis. In the phosphane and need for better catalysts.
Ligand effects [4] have been studied extensively for many phosphite series a similar trend was observed, viz. b > a > c (see Table 1 ). When more equivalents of ligands are used, metal catalyzed reactions. In the Heck reaction mainly phosphanes have been used. In a limited amount of papers the activity drops, except for 1b. Addition of more equivalents of this ligand does not affect the activity. Using the the use of 1,10-phenanthroline derivatives has been reported [5] and recently phosphites were used. [6] Pfaltz and more bulky ligands c, relatively more of the cis product and less trans-stilbene was found with increasing L/Pd ratio. co-workers have reported on the use of mixed phosphane oxazoline ligands in an enantioselective Heck reaction. [7] Phosphorus amidites form a unique class of ligands, which have proven their usefulness in catalysis. [8] Their electronic properties are in between those of phosphanes and phosphites. As part of our studies on ligand effects, we decided to study the effect of phosphorus amidites and phosphites in the Heck reaction.
As a model reaction to study the effect of electronic and steric properties of the ligands on the Heck reaction we have chosen the reaction of iodobenzene with styrene in acetonitrile and triethylamine as a base. The rate of the Heck reaction shows a large dependence on the solvent and the alkene used. In acetonitrile, the reaction of iodobenzene with styrene (1 ), catalyzed with 0.125 mol-% complex 4b (0.25% Pd) gave 50% conversion after 2 h. In DMF, the conversion after 2 h. was 75%. In N-methyl pyrrolidinone (NMP) the reaction was even faster: within 45 minutes the reaction was completed. Reaction of iodo- Figure 2 . Pd II compounds benzene with n-butylacrylate, in NMP at 80°C with 0.125 mol-% complex 4b, was completed within 6 minutes. This reaction was more than 99% selective towards the trans reactions. [3d] Palladacycle 5, however, was not very active in coupled product. With this system we do not only have an the reaction of iodobenzene with styrene in acetonitrile and extremely fast but also a stable catalyst and a very high triethylamine as a base. Probably the formation of the active turn-over number (> 500 000) has been obtained. species [3f] is slow under the conditions employed. Phosphorus amidite 1b gave the most active catalyst. To obtain further details of the catalytic cycle, we performed a kinetic study. To avoid interference of equilibria between the pre-catalyst and the intermediates involved in the catalytic cycle [9] , we prepared compound 4b and compared its catalytic behavior with that of tris(o-tolyl)phosphane-coordinated complex 4a in the reaction of iodobenzene with styrene. Osmometric molecular mass determination in dichloromethane showed that compound 4b exists as a dimer. A broad signal at δ ϭ 118.3 in the 31 P-NMR spectrum is indicative of a fast equilibrium between the cis and the trans isomers [10] . After cooling the solution to 240 K we observed two sharp peaks at δ ϭ 119.8 and 117.5 in a 4:3 ratio. The major product is probably the trans product. In acetonitrile, Figure 4 . Plot of the rate versus [Pd] 1/2 for the reaction of iodobenzene with styrene in CH 3 CN at 65°C catalyzed with complexes 4 only one sharp singlet was observed at δ ϭ 122.3 in a tem-(rate ϭ d[products]/dt, measured after 5 min) perature range of 255Ϫ335 K.
The rate of the reaction between iodobenzene and styrene catalyzed by palladium complexes 4 was independent of the The unique kinetic observations are rationalized in terms of the catalytic cycle shown in Figure 5 . In this cycle oxida-concentration of iodobenzene (0.10Ϫ2.0 ) and the concentration of triethylamine (0.16Ϫ2.5 ). Figure 3 shows a lin-tive addition of an aryl halide to [PdL] gives a Pd II compound which is in fast equilibrium with its dimer. The ear dependence of the initial turn over frequency (TOF ini ) on the styrene concentration (0Ϫ4.0 ). The reaction rate monomer forms a complex with the alkene. Next, the migratory insertion of this alkene takes place. After β-hydro-increases linearly with the square root of the palladium concentration (0Ϫ4.0 m; see Figure 4 ). Using palladium con-gen elimination and reductive elimination of HX, the intermediate palladium(0) species with one ligand per palladium centrations below 4.0 m and conversions up to 70% no formation of palladium black was observed.
is obtained again.
Studies on phosphapalladacycles in the Heck reac-and the implications of the unprecedented kinetics are in progress. tion [3f,11] suggest that a monophosphane palladium(0) species, [R 3 PϪPd], is a crucial intermediate of the cycle. This species is presumed to undergo fast oxidative addition of Experimental Section aryl halides followed by a dimerization giving the known compound 4a. [10] Molecular weight determinations indi-The ligands were prepared as described in the literature. [8a] [15] cated that also complex 4b exists as a dimer.
Complex 4a was prepared as described by Hartwig. [11b] Complex After alkene coordination and subsequent insertion of 4b was prepared in an analogous way in 81% yield. Ϫ the alkene, the reaction is assumed to follow the widely ac-C 68 H 94 Br 2 N 2 O 4 Pd 2 : calcd. C 54. 38, H 6.31, N 1.86; found C 54.86, cepted [12] pathway shown in Figure 5 . of iodobenzene the oxidative addition is not the turn over (Ar), 135.2 (ArH), 141.9 (Ar), 143.0 [d, 2 J(C,P) ϭ 14 Hz, Ar], 155 limiting step in these systems. This is quite surprising since (Ar). phosphorus amidites render palladium less electron rich Catalysis with in situ Prepared Catalysts: Under a dinitrogen atmosthan phosphanes. The reaction rate is linearly dependent on phere, a Schlenk vessel, fitted with a septum, was charged with the square root of the palladium concentration and first Pd(dba) 2 (26.1 mg, 0.05 mmol) and ligand (0.1 mmol). Suborder in styrene concentration. This means that in this syssequently, 5 mL of freshly distilled acetonitrile (CaH 2 ), 250 µL of tem either the alkene complexation or the migratory inserdecane (1.28 mmol) as internal standard, 550 µL of iodobenzene tion must be the turn over limiting step. This step proceeds (4.9 mmol) and 650 µL of styrene (5.5 mmol) were injected. The faster for complex 4b than for complex 4a. [13] Schlenk vessel was heated to 80°C and 750 mL of triethylamine (5.4 mmol) was added. The reactions were monitored by gas chromatography (DB1 column).
Kinetic Studies:
Under a dinitrogen atmosphere, a Schlenk vessel, fitted with a septum, was charged with complex 4. Subsequently, freshly distilled acetonitrile (to a total volume of 10 mL), 500 µL of decane (2.56 mmol) as internal standard, iodobenzene, and styrene were injected. The Schlenk vessel was heated to 65°C and triethylamine was added (t ϭ 0). The reactions were monitored by gas chromatography (DB1 column).
Catalysis with Complex 4a:
Under a dinitrogen atmosphere, a Schlenk vessel, fitted with a septum, was charged with complex 4a (9.4 mg, 0.00625 mmol) . Subsequently, 5 mL of freshly distilled solvent, 250 µL of decane (1.28 mmol) as internal standard, 550 µL of iodobenzene (4.9 mmol) and alkene (5.5 mmol) were in- Figure 5 . Postulated catalytic cycle for the Heck reaction; if we jected. The Schlenk vessel was heated to 80°C and 750 mL of triassume that k Ϫ1 >> k 1 >> k 2 [alkene], then the rate ϭ k 2 K 1/2 [alkethylamine (5.4 mmol) was added. The reactions were monitored ene][Pd] 1/2 ; K ϭ k 1/ k Ϫ1 by gas chromatography (DB1 column).
The subtle combination of electronic and steric proper- [14] This also decreases the activity of ganometallics 1992, 11, 1995Ϫ1996. Ϫ [3b] M. Portnoy, Y. Benthe catalyst. David, D. Milstein, Organometallics 1993, 12, 4734Ϫ4735. Ϫ In summary, the use of a bulky phosphorus amidite as 
